Neuraminidase (NA) is one of the key enzymes responsible for bacterial infection and pathogenesis. This study aimed to gain deeper insights into the inhibitory effects of flavone-glucosides (1-9) isolated from barley sprouts (BS) on neuraminidase activity. The isolated compounds were identified as, lutonarin (1), saponarin (2), isoorientin (3), orientin (4), isovitexin (5) (8), and isovitexin-7-O-[6-feruloyl]-glucoside (9). Among them, compounds 1-5 exhibited neuraminidase-inhibitory activities in a dose-dependent manner, with IC 50 values ranging from 20.1 to 32.7 µM, in a non-competitive inhibition mode according to kinetic studies. Moreover, the individual flavone-glucoside levels differed notably, in particular, lutonarin (1) and saponarin (2) were shown to be present in the greatest amounts, according to UPLC analysis. Consequently, our results suggest that BS may be utilized as an effective NA inhibitor in human health food, additives, and feed.
Neuraminidase (NA, EC 3.2.1.18) is a major target in medicinal and agricultural chemistry because of its involvement in many biological and pathological processes. Essentially, NA is responsible for cleaving sialic acid moieties, which are comprised of the nine-carbon α-keto aldonic acid, from glucose-conjugates on the cell surface. This process is involved in cell-cell recognition and signalling function. Many important human pathogens, including Clostridium perfringens, express high levels of NA and require active NA for optimum pathogenicity. Therefore, many studies have focussed on discovery of bacterial NA inhibitors as targets for drug design [1] .
Barley sprouts (BS) [2] have received much attention in recent years as a functional food in Korea and Japan. In many reports, the BS extracts possessed health-beneficial properties, such as antioxidative [3] , hypolipidemic [4] , anti-depressant [5] , and antidiabetic [6] activities. BS extract contains various secondary metabolites, such as flavone-glucosides, among which isovitexin-7-O-glucoside (saponarin) and isoorientin-7-O-glucoside (lutonarin) are most abundant. These compounds exhibit anti-oxidant, antidiabetic, and hepato-protective activities [7] .
This study aimed to gain deeper insights into the inhibitory effects of flavone-glucosides (1-9) isolated from BS on neuraminidase activity. In the initial experiment, we showed that methanol extracts of BS (500 µg mL -1 ) inhibited NA activity by 89.5% compared with the control. Three different solvents were used to prepare BS Table 1 , the methanol extract exhibited the highest yield and NA inhibition potency (28.5% + 0.2% and 89.5% + 3.1%, respectively), followed by ethyl acetate (8.0% + 0.1% and 12.0% + 0.9%, respectively), whereas the lowest yield and activity was obtained with the n-hexane extract (7.3% + 0.1% and 9.8% + 2.6%, respectively). Thus, the methanol extract was confirmed as containing the highest levels of NA inhibitors. Subsequent bioactivity-guided fractionation of the methanol extracts led to the isolation of lutonarin (1), saponarin (2), isoorientin (3), luteolin-8-glucoside, orientin (4), isovitexin (5), isoscoparin-7-O-[6sinapoyl]-glucoside (6), isoscoparin-7-O-[6-feruloyl]-glucoside (7) , isovitexin-7-O-[6-sinapoyl]-glucoside (8) , and isovitexin-7-O-[6feruloyl]-glucoside (9) ( Figure 1 ). The inhibitory activities of the isolated flavone-glucosides (1-9) on neuraminidase (NA) were investigated using a modified fluorometric method [8] . The Michaelis constant (K m = 125 μM) was determined by plotting the initial rates normalized to enzyme concentration (0.01 U mL -1 ) versus substrate concentration (30−500 μM), and was compared with quercetin as positive control. This is the first exhaustive NA kinetic study showing that flavoneglucosides are good NA inhibitors. Compounds 1-5 exhibited significant dose-dependent inhibition of NA, with IC 50 values in the range of 20.1-32.7 μM (Table 1 ) compared with quercetin (IC 50 = 25.3 ± 0.9 μM, K I = 25.9 ± 1.1 μM, positive control). This result is of particular value, as many researchers have considered flavone moieties to be good chemotypes for NA inhibition [9] ; however, glucose residues appear to antagonize its activity [10] . The glucose positions on the A ring of the flavone were critical factors influencing inhibition potency. For example, the 6-glucosylatedflavone 3 (IC 50 = 21.6 ± 2.8 μM, K I = 21.9 ± 1.1 μM) was more effective than 8-glucosylated-flavone 4 (IC 50 = 32.7 ± 1.8 μM, K I = 23.6 ± 1.6 μM). The 7-O-glucose moiety on the A-ring of flavoneglucosides was also a critical factor for an inhibitory effect. Although there was no significant difference between compounds 1 (IC 50 = 20.1 ± 0.9 μM, K I = 21.9 ± 1.1 μM), 2 (IC 50 = 23.1 ± 0.4 μM, K I = 22.5 ± 1.3 μM), 3 (IC 50 = 21.6 ± 2.8 μM, K I = 21.9 ± 1.6 μM), and 4 (IC 50 = 32.7 ± 0.9 μM, K I = 23.6 ± 1.6 μM), the efficiency of inhibition was rapidly decreased when either feruloylglucoside or sinapoyl-glucoside was connected at C-7 of the A ring (6: IC 50 = 144.0 ± 2.5 μM; 7: IC 50 = 184.4 ± 3.1 μM; 8: IC 50 = 182.0 ± 0.6 μM; and 9: IC 50 = 210.7 ± 1.3 μM). An increase in the number of hydroxyl groups in the B-ring did not clearly affect inhibitory activity (1: IC 50 = 20.1 ± 0.9 μM vs. 2: IC 50 = 23.1 ± 0.4 μM, and 3: IC 50 = 21.6 ± 0.9 μM vs. 5: IC 50 = 28.0 ± 1.8 μM). These results implied that glucose moieties on the A-ring play important roles in NA inhibitory activities.
extracts. As shown in
Importantly, the results showed that compounds 1 and 2 were not only flavone-glucosides abundantly present in BS [11, 12] , but which also demonstrated excellent NA inhibitory activity. Compound 1 demonstrated strong NA-binding activity (IC 50 = 20.1 ± 0.9 µM, K I = 21.9 ± 1.1), and compound 2 potent NA inhibitory activity (IC 50 = 23.1 ± 0.4 µM, K I = 22.5 ± 1.3).
We also investigated the mechanism of inhibition using Lineweaver-Burk plots (1/V vs. 1/[S]), which revealed that all isolated compounds demonstrated a non-competitive inhibition profile, because the straight lines of different concentrations of compounds intersected at a non-zero point on the x-axis (-K I ; K m and decreasing V max as the concentration of compounds increased).
Inhibition kinetics were also analysed by Dixon plots, (1/V vs. [I] with varying concentrations of substrate; Figure 3 ). These yielded a collection of straight lines passing through the same point in the second quadrant ( Figure 2B ). The K I values ( Table 2) were calculated from the Dixon plots. Neuraminidase inhibitory activity of flavone-glucosides from barley sprout Natural Product Communications Vol. 9 (10) 2014 1471 The isolated flavone-glucosides (1-9) were profiled using UPLC-PDA analysis. The identity of each peak in the UPLC-PDA trace was confirmed by comparison with retention times of the isolated pure compounds.
Interestingly, the most effective NA inhibitors were compounds 1 and 2, which were present as the most prominent peaks in the chromatogram (retention times = 8.4 and 9.4 min, compound contents = 1036.9 ± 10.5 and 1087.8 ± 6.9 mg/100g, DW (dry weight), respectively), indicating that they were present in BS at very high levels. The retention times of the other compounds were 9.7 min (3), 9.9 min (4), 10.9 min (5), 11 min (6), 11.2 min (7), 11.5 min (8), and 11.7 min (9).
Consequently, our results suggest that BS may be utilized as an effective NA inhibitor in human health foods, additives, and feed.
Experimental
Plant material: Barley (Hordeum vulgare L.) was harvested in 2013 at the experimental field of the National Institute of Crop Science (NICS), Rural Development Administration (RDA), Miryang, Korea. Plant material was prepared as previously reported [13] . The collected BS were freeze-dried immediately after sampling and stored at -78°C until required. Prior to further analysis, BS were thawed and cut into small pieces with a laboratory blade cutter, to 100 mesh. All sample masses indicated were based on dry weight. Ultra pressure liquid chromatography (UPLC) was performed with a Waters ACQUITY BEH C18 column (particle size 1.7 µm, 2.1 mm × 100 mm), using a triple quadrupole mass spectrometer detector (Waters, AQUITY, Milford, MA, USA), high-performance liquid chromatography-grade water, and acetonitrile (CAN; JT Baker; Phillipsburg, NJ, USA).
Instruments and reagents:

Preparation of crude extracts and isolation of compounds from BS:
To prepare the crude extract, 1 g of dried BS powder was extracted with 20 mL of solvent at 37°C for 24 h; three different solvents were used (methanol, ethyl acetate, and n-hexane). The extract was filtered through a PTEE syringe filter and concentrated by evaporation under reduced pressure at 50°C. Flavone-glucosides were isolated as previously reported [3] , with some modifications. Briefly, dried BS powder (1 kg) was extracted with 2.5 L of nhexane in a shaking incubator at 37°C for 2 days. The residue (800 g) was extracted with 10 L of 80% methanol at room temperature for 7 days. The solvent was removed by evaporation under reduced pressure at 50°C. The 80% methanol extracts (150 g) were purified using a multiple preparation HPLC system, equipped with a reverse phase preparation column. Greenish-brown extracts were eluted with a gradient of 0.1% TFA in water (A) and 0.1% TFA in acetonitrile (B), at a flow rate of 20 mL min -1 . The following profile was used: 0 min, 0% B; 0-15 min, 0-9% B; 15-50 min, 9-15% B; 50-70 min, 15-25% B; 70-80 min, wash with 100% B to 80 min, followed by 25 min recycle time, with a flow rate of 25 mL min -1 .  Compounds 1, 2, 3, 4 , and 5 (35 mg, 86 mg, 15 mg, 8 mg, and 16 mg, respectively) were separated at 15-50 min, with 9-15% B, and compounds 6, 7, 8 and 9 (7 mg, 13 mg, 8 mg, and 27 mg, respectively) were separated at 50-70 min with 15-25% B, based on the TLC profile and photodiode array (PDA) profile at 245 nm, 280 nm, and 325 nm. All isolated compounds were identified by NMR spectroscopy. The isolated compounds were prepared using deuterated solvent with tetramethylsilane (TMS) as internal standard in 5-mm NMR tubes. NMR data were obtained in methanol-d 4 and DMSO-d 6, with chemical shifts according to the TMS signal. The structural characteristics, including retention times, mass spectral data, and 1 H and 13 C NMR spectroscopic data of these compounds are detailed in the supplementary data.
Bacterial neuraminidase inhibition assay:
The NA inhibition assay was performed as previously indicated, with some modifications [8, 14] . Briefly, 4 µL NA from Clostridium perfringens (10 U mL -1 in 50 mM sodium acetate buffer, pH 5.0) was pre-mixed with 100 µL of sample solution; the 80% methanol extracts and the isolated compounds were first tested at a single maximum concentration of 100 µM and then two-fold serial dilutions, starting from 200 µL, were used for determination of IC 50 values, in 1771 µL of 50 mM sodium acetate buffer (pH 5.0), in a cuvette. Then, 2 mM 4methylumbelliferyl-α-D -N-acetylneuraminic acid sodium salt hydrate in buffer (as substrate) and 4 µL of NA were added and mixed well, and samples incubated at 37°C. The 4methylumbelliferon was checked in kinetic mode by fluorometric determination at an excitation wavelength of 365 nm and an emission wavelength of 450 nm, with a fluorescence spectrophotometer. NA inhibition activity of each compound was determined using equation (a). The inhibitory effect was obtained using different concentrations of substrate and compound to examine reaction kinetics. 
